 Multi-proxy micro-geoarchaeological approach is suggested to study fire in tropical forests  Hearths by immediate-return hunter-gatherers are ephemeral leaving a low signal  Waste areas better preserve fire residues but in a secondary context  Humid tropical environments are characterised by acidity and intensive biological activity  In humid tropical environments charcoal and phytolith preserve better than ash and bone
Introduction
The use of fire is considered one of the exceptional characteristics of humans. The earliest evidence for the use of fire date back to over a million years ago (Bellomo 1994; Berna et al. 2012; Clark and Harris 1985) and unequivocal indication for habitual and controlled use of fire c. 300,000-400,000 BP (Bentesen 2014; Karkanas et al. 2007; Roebroeks and Villa 2011; Shimelmitz et al. 2014) . The use of fire played a major role in the evolution and development of complex and advanced behaviour of humans (e.g., Brown et al. 2009; Goren-Inbar et al. 2004; Roebroeks and Villa 2011) . Therefore, the study of prehistoric use of fire bears significant implications for research concerning the human past. In order to allow the reliable interpretation of early use fire and reconstruct human pyrogenic behavior, one must carefully examine the archaeological context and study the formation processes of fire residues Mentzer 2014) .
Studying site formation processes is especially crucial when examining the role tropical environments play as a human habitat during prehistoric times (Mercader 2003a; , and in particular in the dispersal of humans into South and Southeast Asia (Barker 2013; Barker et al. 2007; Gosden 2010; Morley 2017; Perera 2010; Summerhayes et al. 2010) . The case of the 'simple' lithic industry abundant in Southeast Asia during the Late Pleistocene had been argued to not be interpreted as a mere reflection of a rather 'simple' behaviour but that a rich and complementary industry was made of degradable plant materials (also termed 'the Bamboo Theory', see Bar-Yosef et al. 2012; Boriskovsky 1967; Brumm 2010; Gorman 1969 Gorman , 1971 Hutterer 1976; Lycett and Bae 2010; Pope 1989; Reynolds 2007; Solheim 1972; White 1977; Xhauflair 2012 Xhauflair , 2016 . The 'bamboo theory' is based on the assumption that due to the environmental conditions in Southeast Asia and taphonomic processes in humid tropical environments, plant material will not preserve in the archaeological record. Similarly, the scarce archaeological evidence for use of fire in humid tropical forests raise a similar question -whether it is an absence of evidence or an evidence of absence. To date, geoarchaeological studies aiming to understand the formation processes of combustion features largely concentrated on temperate, semi-arid and arid environments (Goldberg and Macphail 2006; Mentzer 2014 and references therein) compared to the humid tropics (Mercader 2003a; .
Archaeological evidence of hunter-gatherer use of fire in humid tropical environments
Early human occupation of humid tropical environment is suggested to date back 200,000 years (Mercader 2002 (Mercader , 2003a . However, direct evidence for human adaptation and long-term occupation of tropical forests emerge around 45,000 BP . To date, the earliest evidence for fire residues associated with human activity in humid tropical environment was reported from the Niah Caves, Sarawak, Borneo dating to around 45,000 BP (Lewis 2016; Stephens et al. 2005 Stephens et al. , 2017 . Fire residues dated between c. 20,000-30,000 BP were also reported in other sites in Southeast Asia such as Tham Lang Rongrien (Anderson 1997) and Tràng An (Rabett et al. 2011 (Rabett et al. , 2017 both in Thailand, Tabon Cave in Palawan, Philippines (Lewis 2007) and Liang Bua in Flores, Indonesia ). In Africa, charcoal found alongside Late Stone Age lithic in Njuinye, Cameroon, was dated to c. 35,000 BP (Mercader and Martı́ 2003) . Similar radiocarbon dates were yielded from charcoal reported from layers of 'stone-lines' in Mosumu, Equatorial Guinea, dating back to c. 30,000 BP . In South America, evidence of archaeological fire residues were found among the earliest sites of human occupation in humid tropical environment during the Pleistocene-Holocene transition around 12,000 BP (Gnecco and Mora 1997; Roosvelt et al. 1996; Villagran et al. 2017) .
Geoarchaeology is commonly used to directly associate the presence of fire residues with past human behaviour, as it allows a microscopic investigation of the formation and deposition processes of the residues Mentzer 2014) . While microgeoarchaeology had become the most common approach to study Palaeolithic fire worldwide , only few geoarchaeological studies were implemented in humid tropical environments . Few of them studied fire residues that could be directly associate with hunter gatherer occupation in South and Southeast Asia (Anderson 1997; Gillieson and Mountain 1983; Kourampas et al. 2008 Kourampas et al. , 2009 Lewis 2007; Magee 1988; Mijares and Lewis 2009; Rabett et al. 2011; Simpson et al. 2008; Stephens et al. 2005 Stephens et al. , 2017 , Africa (Mercader et al. 2003b ) and South America (Araujo et al. 2008; Villagran et al. 2017) . The most abundant form of fire residue in humid tropical sites appears in the form of charcoal (e.g., Aceituno et al. 2012; Anderson 1997; Araujo et al. 2008; Gillieson and Mountain 1983; Gnecco and Mora 1997; Kourampas et al. 2008 Kourampas et al. , 2009 Lewis 2007 Lewis , 2016 Magee 1988; Mercader 2003a; Mercader et al. 2003b; Mijares and Lewis 2009; Rabett et al. 2011; Roosvelt et al. 1996; Simpson et al. 2008; Stephens et al. 2005 Stephens et al. , 2017 Villagran et al. 2017) . However, the presence of charcoal alone can also derived from natural fire (e.g., Summerhayes et al. 2017) . Additional human-related fire residues abundant in archaeological sites around the world include wood ash particles, rubified clay aggregates, fire-related clasts and burnt bones and shells (Mentzer 2014) . The major challenge imposed on the preservation of fire residues in humid tropical environments lays in the acidic conditions of humid tropical soils. Under these conditions carbonates tend to dissolve which archaeologically result in absence of wood ash (calcite), bone (carbonated hydroxyapatite) and shells (aragonite and/or calcite) . On the other hand, wood charcoal (structure resembling graphite) and phytoliths (opal) tend to preserve under acidic conditions . Consequently, the majority of the archaeological sites where wood ash and burnt bone were preserved are situated on limestone or within karstic systems (Anderson 1997; Araujo et al. 2008; Gillieson and Mountain 1983; Lewis 2007 Lewis , 2016 Magee 1988; Mijares and Lewis 2009; Rabett et al. 2011; Stephens et al. 2005 Stephens et al. , 2017 Villagran et al. 2017) . The carbonate-rich environment act as a buffer and prevent the reduction in pH levels that allows better preservation of wood ash and bones (Weiner 2010 ).
Only a handful of studies reported on preservation of intact hearths that can be clearly associated with in situ use of fire (Anderson 1997; Villagran et al. 2017 ).
Yet, several others had suggested that the presence of wood ash, charcoal, burnt bone and burnt soil substrate and/or clay aggregates, even if reworked and/or disturbed, should be interpreted as reworking of adjacent combustion features, either as a result of post-depositional disturbance or as rake-out and dumping activity (Araujo et al. 2008; Kourampas et al. 2009; Lewis 2007 Lewis , 2016 Mercader 2003b; Mijares and Lewis 2009; Rabett et al. 2011; Stephens et al. 2017) . More than reflecting the entire range of human behaviour, the archaeological record of human use of fire reflects the taphonomic conditions and state of preservation of fire residues (Mentzer 2014) . For this reason, most of the studies that identified Palaeolithic fire residues took place in caves and rock-shelters as opposed to open-air sites (e.g., Friesem et al. 2014b ). This situation is enhanced in humid tropical environments where very few studies reported fire residues in open-air sites associated with hunter-gatherers occupation (e.g., Gnecco and Mora 1997; Simpson et al. 2008) . It was suggested that Pleistocene hunter-gatherers did not use rock-shelters, and perhaps also caves, as long-term dwelling sites, but used them only intermittently as brief campsites (Anderson 1997; Mercader 2003a) .
In contrast to the archaeological image, ethnographic data from contemporary huntergatherers living in humid tropical environments suggest that most of their habitation sites and activity take place in open-air sites with routine use of fire (e.g, Bird-David 2009 Endicott 1979; Fisher and Strickland 1989; Gardner 2000; Hewlett 1993; Morris 1982; Turnbull 1965 to mention but a few). Although, the analogy between contemporary huntergatherers and Pleistocene ones is problematic, to say the least (see below on ethnoarchaeology), the ethnographic data raise an important archaeological question; how can we improve the identification and interpretation of fire residues in humid tropical environments to allow better reconstruction of human behaviour in this important habitat?. The first step in this pursuit should therefore be to gain better understanding of the processes that form the insubstantial archaeological record of fire residues in humid tropical environments. To do so, we must address the two major factors in archaeological site formation processes; (1) the human factor (e.g., how people used fire, maintained it, discard it, etc.), and (2) the natural taphonomic processes affecting the preservation and deposition of fire residues (ShahackGross 2017).
Materials and methods

Aim and the geo-ethnoarchaeological method
The aim of this study was to understand how hunter-gatherer activity and environmental processes in humid tropical forests affect the formation and preservation of fire residues. In order to properly clarify the entire sequence of processes involved in the formation of the archaeological evidence, from the human activity that initially deposits the residue(s) to the post-depositional taphonomic processes, we present a geo-ethnoarchaeological case study (see Friesem 2016 for a review on geo-ethnoarchaeology). First, ethnoarchaeological observations provide understanding about how human activity is directly associated with specific patterns of deposition (David and Kramer 2001) . This is not to imply that contemporary hunter-gatherer societies reflect past societies, rather that current context can provide an experimental setting to observe the dynamics of how distinct human activities result in specific patterns of material deposition (e.g., Friesem and Lavi 2017) . The integration of geoarchaeological analyses add invaluable information regarding the formation of proxy signatures related to the dynamics, and therefore to the documented activity (Mallol and Henry 2017) . The geoethnoarchaeological approach involves the excavation, sampling and analysis of in use or recently abandoned settlements (Friesem 2016) . The recently abandoned settlements allow for a "near-archaeological" setting with two main advantages: 1) Having being abandoned in the recent past the history of activities and abandonment are well documented by living informants.
2) Post-depositional processes already started to influence the deposit(s).
The case study presented here forms a part of a larger project (TropicMicroArch) which involved: 1) a long-term ethnographic work among the Nayaka, a contemporary group of hunter-gatherers living in the forested hills of the Western Ghats in Tamil-Nadu in India 
Sampling and laboratory analysis
Sediment samples were collected from three different locations: 1) the exterior activity terrace of the current settlement; 2) an abandoned near-by open-air site (from the terrace and the slope over the edge of the terrace); and 3) an abandoned rock-shelter. Similar analytical proxies were applied to all the contexts. These included Fourier-Transform Infrared (FTIR) spectroscopy, phytolith quantification, Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES), soil micromorphology and Accelerator Mass Spectrometry (AMS) radiocarbon dating based on calibrated 14 C age. A comparison made between the findings in the different sites illustrates the post-depositional processes, the potential of preservation and the archaeological formation of a fire signature in humid tropical environment. For the full report of the ethnoarchaeological fieldwork and laboratory analysis see Friesem and Lavi (2017) and Friesem et al. (2016) .
Ethnoarchaeological observations on hearths
Ethnographic observations among the Nayaka highlighted the major role fire plays in their social and economic practices. Fire is used for roasting and cooking food as well as for heating, to protect the settlement from wild animals and as a hub for social interaction. Regardless of the type of activities carried out around the fire, the hearths were built, maintained and discarded in a similar way (Figure 2 ). Living in steep forest hills, Nayaka houses are built on large terraces built by excavating into the hill slope and removing the soil to create a platform (Friesem and Lavi 2017; Friesem et al. 2016 ). All Nayaka activities, except for sleeping, take place on the terrace outside their houses (see Bird-David 2009 Friesem and Lavi 2017 for more information on Nayaka use of space, daily activity and its social reasoning. But see also Bird-David 2017 who showed that in the 1970s sleeping was often done outside on the terrace as well).
Hearths are also always placed on the terraces, outdoor. Each time someone comes back to the site s/he would carry a small pile of branches and twigs, and occasionally a few large logs, to be used as firewood. No special structure is built to accommodate the hearth and a fire is started by using thin branches laid down directly on the terrace and lit to create a fireplace normally of less than 1m in diameter ( Figure 2a) . Every now and then someone would add a new branch from an adjacent pile of firewood to keep the fire going. Generally, the fires are slow burning and left to die during the night as no one attends them ( Figure 2b ).
Occasionally, if people wake up in the middle of the night, they would warm near the fire, allowing them to remain active in the morning. Only in cases of immediate threat from an approaching wild animal (e.g., elephant, bear or tiger) a large fire would be produced to scare the animal away, but this was rarely the case during our observations. Being fueled by a relatively small amount of firewood and kept slow burning, the hearths deposits consisted of small piles of ash, some wood charcoals and pieces of partly burnt wood ( Figure 2b ). Sweeping and cleaning of the terrace surface, and in particular sweeping the hearths, was carried out daily using a broom made of thin twigs ( Figure 2c ). The practice of sweeping floors among hunter-gatherers was reported by several ethnoarchaeologists (see The social dynamics among the Nayaka are dictated by immediacy and mobility (BirdDavid 1994 (BirdDavid , 1999 , as is the case for many other hunter-gatherers defined as immediate-return groups (Woodburn 1982) . Immediacy among the Nayaka is reflected by the immediate ad hoc social interaction, relationships and knowledge (Bird-David 1994 , 1999 ) and a dynamic use of space where activity areas are formed according to immediate social and/or functional needs (Friesem and Lavi 2017) . Among the Nayaka, mobility is not only expressed through the shift of an entire habitation site or of people between sites, but also, and more frequently, by the ceaseless change of locations for the activity areas within a site to allow an individual to constantly share with her/his relatives things, actions and spaces (see Bird-David 2009; Lavi and Bird-David 2014 for the Nayaka; and for other hunter-gatherer groups see Briggs 1970 for the Autako in Northern America; see Hewlett et al. 1982; Turnbull 1965; Woodburn 1968 Woodburn , 1972 ; for the Aka, Mabuti and Hadza respectively in Africa; see Jackson 1995; Myers 1986;  for the Pintupi and Walpiri respectively in Australia). A typical hearth in the observed settlement was used in the same place for a short period of time, usually for a maximum of 24 hours, and the next morning would be cleared and swept (Figure 2c ). The location of hearths is therefore based on the "now-and-then" presence of people and the impromptu relationships between them (Friesem and Lavi 2017) . The composition and locations of people at the site are constantly changing and, as a result, the hearths are used where people gather, eat and sleep at a given moment or due to changes in rain and wind. No designated locus exists for where to set a hearth and no fire is active at the same location for a long period of time (less than 24 hours).
In most cases on the next morning, sweeping left only an obscured patch of ash in the location of the hearth (Figure 2c-d) . During the monsoon season, the heavy rain wash away all the ash remains leaving no fire residues visible to the naked eye ( Figure 3 -day 2) . When several hearths are used in relative proximity, a thin grey layer of ash can be observed even few days after abandonment (Figure 3 -day 8) . Overall, after a week from abandoning a hearth, no visible traces of fire residues can be observed by the naked eye on the terrace surface 
Results and discussion
Geoarchaeological analysis of fire residues
Infrared analysis of the sediments showed clay (kaolinite) to be the main mineralogical component were very similar to the regional sediment controls and to the surface of the contemporary terrace, with no evidence for wood ash (calcite) or alteration of clay due to high temperature.
The sediment sample collected from the charcoal horizon (Figure 5d ) also did not contain calcite, but its clay component showed signs that can be interpreted as minor kaolinite alteration due to exposure to temperatures higher than 400°C but probably lower than 600°C (Friesem et al. 2014a (Figure 8d ). In the middle of the post-abandonment sediment a rich organic layer was observed. By combining the information from the elder Nayaka informants and the geochemical analysis (see above), this layer was interpreted as a post-abandonment deposition of a collapsed lean-to thatched roof, known to be used in this locality. In general, the micromorphology analysis was able to identify fire occurrence only via the presence of micro-charcoal. The deposition patterns observed under the microscope enabled to interpret the charcoal horizon in the rock-shelter as an in situ hearth and the charcoal fragments in the slope of the open-air site as a waste area. The sediments in the rock-shelter, being protected from the rain and wind, presented better preservation than the open-air site (see Mallol et al. 2007 for the effect of wind and rain on poor preservation of fire residues in open-air sites).
Radiocarbon dating of fire residues
Five charcoal samples discovered during the excavations of the abandoned open air site (n=2) and rock-shelter (n=3) and one charcoal sample collected from the contemporary site, were AMS dated based on calibrated 14 C age. Results of the radiocarbon dating of the charcoal samples are presented in Table 1 . The ethnographic observations made clear that charcoal residues can result from the burning of twigs as well as relatively large branches and logs (Figure 2 ). This of course calls for caution as the results might be affected by the old wood affect (i.e., dating the part of the tree which is part of old rings formed many years before the actual use of the wood by the people). Observations made on the charcoal samples before dating could not clearly trace rings in order to estimate the type of wood (e.g., twig/small branch or a log). A charcoal sample (TM 110) from the surface of contemporary site ( Figure   4a ) is dated to early 2000s AD. This sample was collected in 2015 AD and the ethnographic information we gathered and our own observations suggest that the Nayaka do not tend to use very large logs. Two charcoal samples from the slope of the open-air site (Figure 4f ) indicate inverted stratigraphy with the sample from the lower part (TM 41) younger than the one from the middle part (TM 37) of the slope section. Our ethnographic data do not support maintenance of waste areas or other form of human activities that will result in mixing of the midden's deposits. However, micromorphological analysis evince biological activity (e.g., rodents, insects, roots, etc.) within the sediments resulting in intensive bioturbation ( Figure   4b ). Yet, the dates indicate the presence of the Nayaka at this location from at least the first half of the 20 th century. One sample (TM 88) from the rock-shelter has an age of late 1970s AD. The other two samples (TM 95 and 100) from the rock-shelter come from two locations along the same charcoal horizon (Figure 4g and i) and their radiocarbon dates are very similar.
The relatively early dates of these samples might be due to the use of old wood as the micromorphology analysis highlighted the presence of large charcoal pieces (Figure 8d ). Indeed, our informants confirmed that the rock-shelter appears to have been already in use during the second half of the 20 th century.
Anthropogenic and taphonomic formation processes
The formation processes related to fire residues in this study can be divided into two categories: 1) processes associated with human activity and 2) processes associated with the humid tropical forest environment (Table 2) . Social norms and behaviour among immediate-return contemporary hunter-gatherers (immediacy, mobility and sharing) result in a dynamic and ephemeral nature of fireplaces used in the sites (see also Friesem and Lavi 2017) . The lack of constructed or conditioned structures to accommodate the fire, the short duration of each fire episode in a specific locality, and the practice of a slow-burning fire, result in the deposition of very small quantities of ash, charcoal and unburnt wood and little or no thermal alterations.
The ephemeral nature of these combustion features and the low archaeological signal they generate has been already called to attention by several ethnoarchaeological studies (e.g., The daily routine of clearing hearths and sweeping the floors removes all the macroscopic as well as a significant part of the microscopic residues. This practice is actually the principal process influencing the preservation of fire residues in their primary context. The act of sweeping clears the primary activity area of most residues and re-deposits them in middens. In our case the waste area is found on the slope, over the edge of the exterior terrace.
Once in their secondary context, fire residues seems to better preserve than the few residues left in the primary activity area. From our observations in the field and analysis, it is clear that a rapid burial is key for the preservation of fire residues (see also Friesem et al. 2014b for discussion on wood ash preservation as directly associated with rapid burial), in particular in hunter-gatherer sites in humid tropical environments. The charcoal horizon we identified in the rock-shelter presents an exceptional case of an in situ combustion feature, but one that probably was left behind when the rock-shelter was abandoned and represent the very last activity before abandonment. As a consequence, in situ hearths should be carefully interpreted as they often may represent only the last fire event before an abandonment episode. On the other hand, fire residues preservation is higher in middens, especially during the settlement life, due to higher rate of accumulation and rapid burial.
Among the many post-depositional processes active in humid tropical forests, intensive biological activity in the sediments poses a real challenge to the stratigraphic preservation of combustion features. Smaller material can be transported along the sequence and new material can also be incorporated (Madella and Lancelotti 2012) , and carbonates are quickly dissolved due to the humid and generally acidic depositional environment typical of humid tropical forests. Therefore, wood ash and burnt bones, which often characterize prehistoric fire structures Mentzer 2014) , will quickly dissolve soon after deposition. Fortunately, phytoliths and charcoal tend to preserve better under acidic conditions. It should be noted that preservation of ash and bones in humid tropical forests is common in sites located within a carbonate-rich depositional environment (e.g., on limestone or in karstic systems), where the carbonates from the rock will act as a buffer (e.g., Anderson 1997; Araujo et al. 2008; Gillieson and Mountain 1983; Lewis 2007 Lewis , 2016 Magee 1988; Mijares and Lewis 2009; Rabett et al. 2011; Stephens et al. 2005 Stephens et al. , 2017 Villagran et al. 2017 ). Our study shows that while the small branches and twigs were burnt completely leaving only ash, the large branches and logs left behind larger pieces of charcoal that preserved better and which were therefore more identifiable after abandonment. In terms of archaeological preservation, our results show that the relative low amount of logs and large branches produced a more noticeable signature than the more frequently used short-lived firewood.
Based on our case study and previous geoarchaeological studies, we conclude that the relative absence of clear fire residues in prehistoric archaeological sites located in the humid tropics, compared to other parts of the world, is related to; (1) hunter-gatherer use of fire that probably result in small-scale and short-lived fireplaces, (2) site maintenance that routinely cleared out fire residues from their primary context, (3) taphonomical processes due to intensive biological activity within the sediments and acidic conditions, and (4) lack of rigorous geoarchaeological investigation that will apply a multi-proxy approach. While the first three factors are an integrated part of archaeological site formation processes in humid tropical environments, the last one is now changing and will probably bring new information on the use of fire among hunter-gatherers in humid tropical forests 
Identification of fire residues in humid tropical forests
This study show how the way Nayaka use fire and the taphonomical processes in humid tropical environments do not favour a good preservation of fire remains. Yet, some remains could still be traced in the abandoned sites. The geo-ethnoarchaeological approach, where different geoarchaeological methods were supported by ethnographic observations, has given a better understanding of the formation processes of fire remains and also provided an interpretative framework for the investigation of these remains in tropical forests (Table 3 ).
The reality of archaeology in humid tropical forests shows that the environmental conditions hampers the preservation of intact combustion features, as also demonstrated from our case study. Nevertheless, fire residues were more likely to preserve in the waste areas, although in secondary context, the identification and investigation of discarded fire residues is significant for reconstructing human behaviour and use of fire at the site. It is therefore of particular importance to differentiate between the primary context of an in situ hearth for example, and secondary context of where fire residues are dumped. The routine approach to study combustion features generally relies on micromorphology and the investigation of the micro-context Mentzer 2014 ). In few cases geoarchaeological studies successfully identified in situ combustion features in humid tropical sites. Anderson (1997) 
described ephemeral and localized hearths found in Tham Lang
Rongrien, Thailand, associated with Pleistocene layers dated between 27,000 and more than 43,000 B.P. The hearths were about 1m in diameter, identified by the presence of charcoal, ash, and fire-reddened sand with only a couple been partially stone-lined. More recently, identified an in situ hearth with intact and well-defined structure showing a reddened substrate overlain by a dark organic-rich layer and an upper calcareous ash layer. This hearth, found within layers dated between 41,000 and 24,000 BP in Liang Bua Cave in central Brazil, where an early Holocene settlement was dated to 7,900-12,700 BP. In contrast, it has been more common to interpret the presence of fire residues in humid tropical sites as representing reworked areas resulting from rake-out (e.g., Araujo et al. 2008; Kourampas et al. 2009; Lewis 2007 Lewis , 2016 Mercader 2003b; Mijares and Lewis 2009; Rabett et al. 2011; Simpson et al. 2008; Stephens et al. 2017 ). However, due to post-depositional processes such as biological activity within the sediments, deterioration of organic matter and dissolution of ash, the primary context of in situ combustion features can be disturbed and thus challenging for interpretation. Villagran et al. (2017) applied a multi-proxy geoarchaeological methodology, using micromorphology, organic petrology and FTIR, in order to distinguish between intact hearths and remobilized combustion debris, possibly hearth rake-out. By performing heating experiments on the local soil and measuring them with µFTIR they were able to detect burnt soil substrate in cases where micromorphological observations alone failed to identify clear evidence for burning.
We conclude that in order to overcome the challenge of fire residues preservation in the humid tropics, a multi-proxy approach is indispensable. Mineralogical analysis (using FTIR) can provide indications for use of fire (e.g., alteration of clay due to exposure to high temperatures) (Forget et al. 2015; Villagran et al. 2017 ) even where no other direct residues preserve (e.g., charcoal, ash and phytoliths). Elemental analysis showed that combustion features result in elevated concentrations of P, Ca, K, Mg, and Sr. After abandonment, postdepositional processes result in leaching out of Ca, K and Sr (leaching of Ca will be reduced in karstic setting). Although P and Mg tend to better preserve, they can also be associated with deposition of unburnt organic matter and cannot exclusively be interpreted as indicative of a fire signature. The relatively good preservation of charcoal and phytoliths in humid tropical environments makes them a reliable proxy for identification of pyrogenic activity. Variability on phytolith concentrations can results from the use of plants in combustion structures but also from the deposition of concentrated un-burnt plant materials, as evidenced by hypothesized collapsed thatch roof. It is therefore essential to identify whether the phytoliths have been exposed to fire or not (see Elbaum et al. 2003 for method to identify burnt phytolith). Charcoal and wood ash (if preserved) on the other hand are a direct evidence of burning but their presence alone cannot be used to link the deposit to intact combustion features, as they can both also be found in waste areas in secondary contexts. The use of micromorphology must be applied to complement the other proxies and provide crucial information about the deposition history and the context of the archaeological residues. We suggest that only the use of a multiproxy approach can produce a reliable identification of fire residues, in particular in environment with relatively poor preservation such as humid tropical forests.
Conclusions
The use of fire among hunter-gatherers involve open and ephemeral fireplaces which are active for a short period of time and use mostly small branches, twigs and some logs. Hearths are not constructed and kept with low fire intensities. Such a fire leaves a low signal of partly charred wood, charcoal and ash. Daily rake-out and cleaning activities, especially sweeping of floors, clear the primary location of the hearth from most fire residues and re-deposits them in waste areas. The relatively rapid rate of accumulation in the waste areas allows better preservation of fire residues in this secondary context. Humid tropical environments are characterised by acidic conditions (pH<7) that result in the rapid and complete dissolution of ash and bones.
Yet, charcoal, phytoliths and certain elements (mostly P and Mg, and to some extent Sr) tend to preserve better under such conditions and can be used as indicators for the use of fire. Sites located in carbonate-rich environment (e.g, on limestone or within a karstic system) are less likely to allow acidic conditions, thus preservation of carbonates (e.g., wood ash, bones and shells) will be significantly improved. Intensive biological activity within the sediments disturb the sedimentary sequence and challenge the preservation of fire residues as well as the identification of primary activity contexts. Alongside the identification of different microscopic fire residues (e.g., charcoal, ash, burnt bone and shells, burnt soil, phytoliths and indicative elements), the use of micromorphology is crucial for understanding deposition patterns. A multi-proxy geoarchaeological approach has the potential to successfully identify fire residues and their formation processes in tropical forests and even in open-air sites.
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samples were taken from the recently abandoned hearth (Fig. 4b) [tas=top ash layer; bas=below ash layer] and from a small trench in the terrace (Fig. 4c) . The squares represent samples from the open-air site. Samples were collected from the trench in the exterior activity terrace (Fig. 4e ) and the slope interpreted as the waste areas (Fig. 4f) . Note that one sample in the middle of the profile in the terrace profile shows relatively high phytolith concentrations.
The circles represent the samples from the trench in the rock-shelter where a charcoal horizon was revealed (Fig. 4g) [mch=middle sediment layer associated with the charcoal horizon].
Note the elevated concentration of phytolith within and above the charcoal horizon which is higher than the concentration in the ash layer in the contemporary site. Table 1 . Results of radiocarbon dating of charcoal samples. C-14 ages are reported in conventional radiocarbon years (before present =1950) in accordance with international convention (Stuiver and Polach 1977) . All calculated C-14 ages have been corrected for the fractionation so as to refer the results to be equivalent with the standard δ13C value of -25‰ (wood). Calibrated ages in calendar years have been obtained from the calibration tables (Reimer et al. 2013 ) by means of OxCal v. 4.2 of Bronk Ramsey (2010) (Bronk-Ramsey 1995; Bronk-Ramsey 2001) . ±1σ, meaning 68.2% probability that the true age is included in those limits; ±2σ, meaning 95.4% probability that the true age is included in those limits. Table 2 . Summary of the formation processes (anthropogenic and environmental) associated with hunter-gatherer use of fire in tropical environment. Table 1 . Results of radiocarbon dating of charcoal samples. C-14 ages are reported in conventional radiocarbon years (before present =1950) in accordance with international convention (Stuiver and Polach 1977) . All calculated C-14 ages have been corrected for the fractionation so as to refer the results to be equivalent with the standard δ 13 C value of -25‰ (wood). Calibrated ages in calendar years have been obtained from the calibration tables (Reimer et al. 2013) 
